Abstract-This study is carried out to determine a suitable excitation source that can be used to model the lightning return stroke on a single long horizontal ground conductor. It is used to determine the fastest results obtained for the transient response of a single long horizontal ground conductor and for computation efficiency purposes. In this study, three various excitation sources are used and been compared to each other; that are derivative Gaussian, double exponential and one-cycle sinusoidal functions. The transient node voltages and transient node currents due to the lightning strike are obtained using TLM method. It is found that the derivative Gaussian excitation source demonstrates the fastest results compared to the other two. However, if a study is for observing the behaviour of lightning return stroke, a double exponential excitation source is more suitable.
INTRODUCTION
Nowadays, there have been many damages reported due to lightning strike, such as fire and death. A lightning strike is essentially a high amplitude transient current pulse with a well-defined waveform [1] . Lightning is a normal phenomenon that cannot be prevented but can be intercepted or diverted. Large impulse transient current resulted from lightning strike will induce large transient voltage to any equipment or installation it is connected to. Usually, this transient current will occur for a very short time but it could induce a few kilovolts transient voltages and overvoltage fault results in the installations. Hence, this transient current should be directed to a grounding system to be dissipated into the surrounding soil [2] - [4] . A grounding system could be as simple as a single long horizontal ground conductor (SLHGC) which is used in this study.
A grounding system forms an essential part of a lightning protection system (LPS) where an LPS is designed so that lightning discharge may enter or leave earth without passing through and damage any personnel, electrical equipment, or non-conducting structure connected to the path [5] . It is typically used to prevent damage by providing a low resistance path for directing the lightning fault to ground. Note that, the resistance of a ground conductor is affected by the resistivity of its surrounding soil [2] , [3] . Soil can be either a homogeneous or inhomogenous medium which is characterized by its resistivity and permittivity constants; where it is typically considered as a lossy medium [2] , [3] . In a grounding system, transient current is partly propagated along the ground conductor and partly dissipated into its surrounding soil.
Transmission-Line Modelling (TLM) approach is one of the various numerical modelling methods used to study the behaviour of a grounding system under lightning excitation and has been developed since 1970s [3] . A common feature of this approach is its per unit length parameters are uniform for each segment along the length of any conductor and represented by a series of ʌ-circuits. Moreover, TLM approach can predict surge propagation delay ǻt, which becomes important when the grounding system is a large system [3] , [6] . Furthermore, the computational time required for TLM approach is extremely less compared to other electromagnetic field approaches such as Spectral Domain Method (SDM), Finite Difference Method (FDM) and Finite Element Method (FEM) [3] . Moreover, TLM could be used both in time and frequency domains [3] , [7] . This numerical method was originally developed to solve Maxwell's equation and perform transient analysis [2] , [3] , [7] , [8] . For transient analysis, it solves the operation of a circuit in the time domain and results transient node voltages and transient node currents at any point along the modelled ground conductor [3] , [7] - [9] .
II. A 1-D TRANSMISSION-LINE MODEL
In this study, the transient responses of a fully buried SLHGC against a lightning strike will be observed in the time domain with the ground conductor to be modelled using 1-D TLM algorithm as described in [7] , [8] . Parameters such as soil relative permittivity İ r , soil resistivity ȡ, ground conductor resistivity ȡ c and radius of the ground conductor a are all set to be constant. Also, the surrounding soil is assumed to be a homogeneous medium with the ionization of the soil and the skin effect of the ground conductor are both neglected. Hence, it is the aim of this study in presenting the behaviour of the transient responses of an SLHGC towards the lightning strike which is modelled using various excitation voltages. Such excitation voltages are in form of derivative Gaussian, double exponential and one-cycle sinusoidal functions.
In the 1-D TLM algorithm, the per unit length parameters of the ground conductor which are used in the algorithm are defined and calculated first [7] , [8] . Series resistance R d , series inductance L d , shunt admittance G d , and shunt capacitance C d are all obtained in per segmentation length of A Δ [7] , [8] . In this study, the ground conductor is treated as a series of connected ʌ-circuits tending to open-ended transmission line which is represented as an RC circuit, with its load resistance and load capacitance are denoted as R C and C L , respectively.
The physical model of the SLHGC is as illustrated in Fig.1. In Fig. 2 , the ground conductor is shown as a lossy transmission line terminated with an RC load circuit representing an open circuit termination in the 1-D transmission-line model. Also, the Thevenin equivalent circuit is as shown in Fig. 3 . ȍm [7] , [10] . Homogeneous soil is characterized by its resistivity and relative permittivity of ȡ = 1000m and İ r = 4.0F/m respectively [7] . The total segmentation is taken to be N = 25 and the total iteration is considered as k max = 430 following [7] .
Values 
The excitation voltage for derivative Gaussian model is as shown in Fig. 4 and calculated using (5) with V o = 100kV is the peak value, k is the time step number, t Δ is the time step, s is the time span to half width of the wave as described in [7] , [12] .
The double exponential excitation voltage is as displayed in Fig. 5 and calculated using (6) . For this, a standard 1.2/50ȝs impulse excitation voltage source is used as in [2] , [13] . Note that both constants Į = 14700s -1 and ȕ = 2470000s -1 are real negative constants for t Į and t ȕ , respectively [14] . For the reason that both constants Į and ȕ are usually difficult to fit the needed impulse waveforms of lightning excitation voltages, an additional constant A = 1.037 is introduced to gain appropriate double exponential impulse waveforms desired [14] , with V o = 100kV is the peak value.
Meanwhile, the one-cycle sinusoidal excitation voltage is as illustrated in Fig. 6 and derived using (7) with V o = 100kV is the peak value and values of Ȧ and T are assumed to be 628318.53 rad/s and 10 ȝs, respectively. Note that only one cycle of the sinusoidal wave is used in this study and a typical function is described [15] .
IV. RESULTS AND DISCUSSIONS It is assumed that the lightning return stroke will strike at one end of the SLHGC, i.e. at the first segment (n = 1), and the transient node voltages and transient node currents are calculated at first-quarter (n = N/4), middle (n = N/2), three-quarter (n = 3N/4) and end (n = N) segments. [7] , [12] 2
Transient voltage responses due to lightning return stroke first appear at the first segment n = 1 with the peak transient node voltage value to be approximately 100 kV. For the derivative Gaussian model, it is shown that the positive peak of the transient node voltage is obtained at 3.66ȝs for 99.998kV. A double exponential model gives 99.968kV peak of the transient node voltage at 2.09ȝs. Also, the sinusoidal model is with 99.999kV positive peak of the transient node voltage at 2.50 ȝs. Although the double exponential model result the peak value of the transient node voltage at the earlier time compared to the other two models, this model needed more time so that it could reach the minimum value which affecting the computation efficiency. Also, there is a limit in showing the peak value of the transient node current for double exponential model, which until 16μs its peak has not been obtained. On the other hand, peak positive values of the transient node currents for derivative Gaussian and onecycle sinusoidal models are obtained for 3.89kA at 4.30μs and 3.78kA at 3.74μs, respectively.
As the transients travel from the injection point at one end to the other end of the SLHGC, the peak values of both the transient node voltages and transient node currents are gradually decrease. It is also found that the transient node voltages will reach its peak value before the transient node currents do. These could be seen in all nodes for all the three models. It shows that the traveling transient waves which initiated by lightning strike are partly propagating along the length of the SLHGC and partly dissipating into its surrounding soil until a discontinuity is encountered, which is represented by an open circuit termination in its 1-D transmission-line model. Also, it is found that for all the three models, the peak of the transient node currents at the termination end (n = N) is zero whilst the transient node voltages demonstrate nonzero values at the same point. Hence, all these three models presented in this study follow the Ohm's law for an open circuit termination end. And, it is shown that the derivative Gaussian model has demonstrated the fastest time simulation interval for its both transient node voltages and transient node currents in reaching their minimum values compared to the other 
